On the GeV emission of the type I BdHN GRB 130427A by Ruffini, R. et al.
,
Draft version November 20, 2019
Typeset using LATEX twocolumn style in AASTeX62
On the GeV emission of the type I BdHN GRB 130427A
R. Ruffini,1, 2, 3, 4, 5 R. Moradi,1, 2 J. A. Rueda,1, 2, 4, 6 L. Becerra,7 C. L. Bianco,1, 2, 6 C. Cherubini,2, 8 S. Filippi,2, 8
Y. C. Chen,1, 2 M. Karlica,1, 2, 3 N. Sahakyan,2, 9 Y. Wang,1, 2 and S. S. Xue1, 2
1ICRA, Dipartimento di Fisica, Sapienza Universita` di Roma, P.le Aldo Moro 5, 00185 Rome, Italy
2ICRANet, P.zza della Repubblica 10, 65122 Pescara, Italy
3Universite´ de Nice Sophia Antipolis, CEDEX 2, Grand Chaˆteau Parc Valrose, Nice, France
4ICRANet-Rio, Centro Brasileiro de Pesquisas F´ısicas, Rua Dr. Xavier Sigaud 150, 22290–180 Rio de Janeiro, Brazil
5INAF, Viale del Parco Mellini 84, 00136 Rome, Italy
6INAF, Istituto di Astrofisica e Planetologia Spaziali, Via Fosso del Cavaliere 100, 00133 Rome, Italy.
7Escuela de F´ısica, Universidad Industrial de Santander, A.A.678, Bucaramanga, 680002, Colombia
8ICRA and Department of Engineering, University Campus Bio-Medico of Rome, Via Alvaro del Portillo 21, 00128 Rome, Italy
9ICRANet-Armenia, Marshall Baghramian Avenue 24a, Yerevan 0019, Armenia
ABSTRACT
We propose that the inner engine of a type I binary-driven hypernova (BdHN) is composed of a
Kerr black hole (BH) in a non-stationary state, embedded in a uniform magnetic field B0 aligned with
the BH rotation axis, and surrounded by an ionized plasma of extremely low density of 10−14 g cm−3.
Using GRB 130427A as a prototype we show that this inner engine acts in a sequence of elementary
impulses. Electrons are accelerated to ultra-relativistic energy near the BH horizon and, propagating
along the polar axis, θ = 0, they can reach energies of ∼ 1018 eV, and partially contribute to ultra-high
energy cosmic rays (UHECRs). When propagating with θ 6= 0 through the magnetic field B0 they
give origin by synchrotron emission to GeV and TeV radiation. The mass of BH, M = 2.3M, its
spin, α = 0.47, and the value of magnetic field B0 = 3.48× 1010 G, are determined self-consistently in
order to fulfill the energetic and the transparency requirement. The repetition time of each elementary
impulse of energy E ∼ 1037 erg, is ∼ 10−14 s at the beginning of the process, then slowly increasing
with time evolution. In principle, this “inner engine” can operate in a GRB for thousands of years.
By scaling the BH mass and the magnetic field the same “inner engine” can describe active galactic
nuclei (AGN).
Keywords: gamma-ray bursts: general — binaries: general — stars: neutron — supernovae: general
— black hole physics
1. INTRODUCTION
Nine subclasses of gamma-ray bursts (GRBs) with
binary progenitors have been recently introduced in
Ruffini et al. (2016b, 2018b); Rueda et al. (2018); Wang
et al. (2019). One of the best prototypes of the long
GRBs emitting 0.1–100 GeV radiation is GRB 130427A
(Ruffini et al. 2015). It belongs to a special subclass
of GRBs originating from a tight binary system, of or-
bital period ∼ 5 min, composed of a carbon-oxygen core
(COcore) undergoing a supernova (SN) event, in pres-
rahim.moradi@icranet.org
jorge.rueda@icra.it
ence of a neutron star (NS) companion. The SN, as
usual, gives rise to a new NS (νNS). For binary peri-
ods . 5 min the hypercritical accretion of the SN ejecta
onto the companion NS leads it to exceed the critical
mass for gravitational collapse and form a Kerr black
hole (BH). We have called these systems binary-driven
hypernovae of type I (BdHNe I) with Eiso > 10
52 erg
as opposed to BdHNe II with binary periods & 5 min
and Eiso < 10
52 erg when the NS critical mass is not
exceeded (Wang et al. 2019). Figure 1 shows the ejecta
density distribution of a BdHN I on the binary equa-
torial plane (left panel) and in a plane orthogonal to it
(right panel), at the moment of gravitational collapse of
the NS companion, namely at the moment of BH for-
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2mation. These plots are the result of three-dimensional,
numerical smoothed-particle-hydrodynamic (SPH) sim-
ulations of BdHNe recently described in Becerra et al.
(2019).
In the specific case of GRB 130427A this BdHN I is
seen from “the top” with the viewing angle in a plane
orthogonal to the plane of the orbit of the binary progen-
itor. This allows us to follow all the details of the high
energy activities around the BH. This includes: a) first
appearance of the supernova (the SN-rise), b) the ob-
servation of the ultrarelativistic prompt emission (UPE)
following the BH formation (Ruffini et al. 2019b) , c)
the feedback of the SN ejecta accreting onto the νNS
leading to the X-ray afterglow (Ruffini et al. 2018a), d)
the ultra-high energy process extracting the rotational
energy of the BH, reducing its mass and spin, and gen-
erating the GeV and TeV radiation are presented in this
article.
Soon after the BH formation, approximately 1057
baryons, which include the ones composing the NS com-
panion, are enclosed in the BH horizon beyond any pos-
sible measurable effect apart from the total mass and
spin of the BH.
A cavity of approximately 1011 cm is formed around
the BH with a finite density of 10−6 g cm−3, see (Becerra
et al. 2018, 2019). The evolution of such a cavity fol-
lowing the GRB explosion and its overtones inside the
cavity has been addressed in the joint article (Ruffini
et al. 2019a), finally reaching a density of 10−14 g cm−3
inside the cavity.
The Kerr BH formation occurs in such a cavity in
presence of an external uniform magnetic field aligned
with the BH rotation axis which has been estimated in
this paper to be B0 ∼ 1010 G,. This composite system
is the “inner engine” of the GRB. For quantitative esti-
mates, we consider it as mathematically described by a
non-stationary Papapetrou solution (Papapetrou 1966;
Wald 1974; Rueda et al. 2019).
As we will quantify later in this article a sufficient
amount of low density ionized matter will be needed in
the cavity in order to feed this inner engine.
In this article we assume that the magnetic field and
the BH spin are parallel. In that case the induced elec-
tric field is such that electrons(protons) along and near
the rotation axis in the surrounding ionized circumburst
medium are repelled(attracted) by the BH. The behav-
ior is vice versa in the anti-parallel case. As pointed out
by Gibbons et al. (2013), the stability of Wald-like solu-
tions is guaranteed only if the uniform field is confined
to a radius smaller than the Melvin radius,
RM ∼ 2/B0, (1)
which imposes an upper limit for this geometry of about
1015 cm in our present case1. We are going to show in
this article that the particle acceleration occurs near the
BH horizon within distance of approximately 105 cm,
much smaller than RM .
We recall the definition of the critical electric and mag-
netic fields, Ec and Bc, i.e.
Ec =
m2ec
3
e~
, Bc =
m2ec
2
e~
= 4.4× 1013 G (2)
where me and e are the electron mass and charge, re-
spectively.
Particular attention is devoted to identify the regimes
in which the electric and magnetic fields are undercrit-
cal or overcritical and,correspondingly, study the pair
creation process and the associated absorption or trans-
parency conditions for the GeV emission. In this ar-
ticle we will focus on the undercritical regime in GRB
130427A
Our main goal is to develop an “inner engine” model
consistent with the transparency condition of the GeV
and high-energy emissions from GRB 130427A. The
model makes use of:
1) the rotational energy of the BH as its energy source;
2) the acceleration and radiation processes of ultra-
relativistic electrons near the horizon of the BH and in
presence of the uniform magnetic field B0, determined
by using the electrodynamical properties of the Wald
solution and
3) the determination of the highly anisotropic GeV,
TeV and UHECR emission by the synchrotron radia-
tion, as a function of the injection angle of the ultra
relativistic electrons.
As a byproduct, we show:
1) that the high-energy emission of GRB 130427A,
far from being emitted continuously, actually occurs in
a repetitive sequence of discrete, “quantized”, “elemen-
tary impulsive events” or, for short, “quanta”;
2) each “quantum” carries an energy of the order of
1037 erg;
3) each “quantum” is repetitively emitted with a rep-
etition time ∼ 10−14 s.
The three fundamental parameters of the model, i.e.
the Kerr BH mass, M , spin parameter, α = c J/(GM2)
where J is the BH angular momentum, and the magnetic
field B0, are determined as follows:
1 The conversion factor from CGS to geometric units for the
magnetic field is:
√
G/c2 ≈ 2.86 × 10−25, where G and c are
the gravitational constant and speed of light in CGS units, re-
spectively. Therefore a magnetic field on the order of 1010 G in
geometric units is ≈ 2 × 10−25 × 1010 ≈ 2 × 10−15 cm−1 which
leads to the Melvin radius of R = 2/B0 ≈ 1015 cm.
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Figure 1. Selected SPH simulation from Becerra et al. (2019) of the exploding COcore as SN in the presence of a companion
NS: Model ‘25m1p07e’ with Porb ≈ 5 min. The COcore is taken from the 25 M zero-age main-sequence (ZAMS) progenitor,
so it has a mass MCO = 6.85 M. The mass of the NS companion is MNS = 2 M. The plots show the surface density on the
equatorial binary plane (left panel) and on a plane orthogonal to it (right panel) at the time in which the NS companion reaches
the critical mass and collapses to a BH, t = 462 s from the SN shock breakout (t = 0 of our simulation). The coordinate system
has been rotated and translated in such a way that the NS companion is at the origin and the νNS is along the −x axis.
1) The magnetic field B0 is obtained by imposing the
transparency condition of the GeV luminosity and as
well the coincidence between the theoretical predicted
repetition time of the “quanta” and the time scale of
first impulsive event.
2) The BH mass M and spin parameter α, as well as
their their temporal evolution, are determined by ob-
taining the GeV luminosity via the extractable energy
of the BH.
3) In each one of these elementary impulsive events we
can estimate the depletion of the rotational energy of the
Kerr BH, consequently we can estimate that the high-
energy emission process can indeed last for thousands of
years.
The article is organized as follows. In section 2 we re-
call the count rate and light-curves of Fermi-GBM and
Fermi-LAT for GRB 130427A. In section 3 the basic
equations for determining the extraction of rotational
energy from a Kerr BH in order to explain the GeV en-
ergetic are expressed in terms of the BH mass and spin.
In section 4 the electrodynamics of the “inner engine” is
presented. In section 5 the basic equations governing the
synchrotron radiation in the magnetic field B0, the first
elementary event and the limit on the magnetic field in
order to ground the transparency of the GeV radiation
are established. In section 6 we determine the mass and
spin of the BH in order to fulfill the GeV energetic and
we address the decrease of the mass and spin of the BH
as a function of the extracted rotational energy. In sec-
tion 7 the synchrotron radiation power and the need of a
low density ionized plasma in order to explain the num-
ber of needed electrons to feed the system is presented.
In section 8 the sequence of “quanta” and their repeti-
tion time are indicated. We also outline the mounting
evidence that this system, here developed and applied
for GRB 130427A, may well be extended to the much
more massive BHs of 109M in AGN such as M87.
2. COUNT RATE AND LIGHT-CURVES OF
FERMI-GBM AND FERMI-LAT
As detailed in Levan et al. (2013); von Kienlin (2013);
Xu et al. (2013); Flores et al. (2013); Ruffini et al. (2015)
GRB 130427A records a well observed fluence in the
optical, X-ray, gamma-ray and GeV bands, see Fig. 2.
The Fermi-GBM count rate of GRB 130427A with
isotropic energy Eiso = (9.2 ± 1.3) × 1053 erg and z =
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Figure 2. a: The Fermi-GBM count rate of GRB 130427A. In rest-frame time interval [T0 + 3.4 s,T0 + 8.6 s], the GRB is
affected by pile-up. b: The luminosity of GRB 130427A in the Fermi energy range. c: The anti-correlation between the flux
(luminosity) received by Fermi-GBM and Fermi-LAT in the time interval [1s, 16s], indicates that the primary photons in the
GeV energy range are converted to the MeV photons due to the high opacity, details in (Ruffini et al. 2015).
50.34 is shown in Fig. 2 (a). Clearly identified are a) the
supernova raise (SN-rais) (Liang et al. 2019) b) the UPE
phase following the BH formation c) the emission of the
cavity mentioned in the introduction, details in Li, et
al. (to be submitted). During the UPE phase the event
count rate of n9 and n10 of Fermi-GBM surpasses ∼ 8×
104 counts per second in the prompt radiation between
rest-frame times T0 + 3.4 s and T0 + 8.6 s. The GRB
is there affected by pile-up, which significantly deforms
the spectrum; details in Ackermann et al. (2014); Ruffini
et al. (2015).
We therefore impose as the starting point of our anal-
ysis the value trf = 16 s, with trf being the rest-
frame time, and cover all the successive Fermi-GBM and
Fermi-LAT data; see Fig. 7a.
In Fig. 2 (b) we give the luminosity of Fermi-LAT
(red) and Fermi-GBM (blue), details in Ruffini et al.
(2015) and Ajello et al. (2019). From the observations
in Fig. 2 (b) at the onset of the GeV emission the mag-
netic field B0 and the corresponding electric field are
largely overcritical, E > Ec (Ruffini et al. 2019b). In
these conditions, a plasma consisting of a vast number
of e+e− pairs is produced by the vacuum polarization
process. Such a plasma self-accelerates and emits at
transparency region the MeV radiation, see e.g. a vast
literature quoted in Ruffini et al. (2007). The vacuum
polarization process create the optically tick condition
by which the GeV radiation is drastically reduced until
the end of the UPE phase is reached, see (Ruffini et al.
2019b).
It was already shown in Damour & Ruffini (1975) that
the feedback of such vacuum polarization process can
reduce the original overcritical magnetic field down to
∼ 1011 G.
One of the new issues opened by the data in Fig. 2
(b), shown in more detailed in Fig. 2 (c), is precisely the
conversion of the GeV photons into the MeV photons for
trf < 16 s. The conversion mechanism likely involves the
Breit-Wheeler (Breit & Wheeler 1934) photon-photon
pair creation γ + γ → e+ + e−; for details see Ruffini
et al. (2010, 2016a), since for GeV photons their en-
ergy is larger than the threshold energy for pair produc-
tion. Such process is indeed responsible for absorption
of GeV emission in some GRBs (see, e.g., Ackermann
et al. 2011). This process leads to significant produc-
tion of optically thick e+e− plasma and thermalization
of high-energy photons at MeV energy. As the luminos-
ity of photons in the MeV energy range decreases ap-
proaching trf = 16 s, its number density decreases and
consequently the opacity decreases as well. This implies
less absorption of GeV photons: indeed, the flux of GeV
photons increases.
101 102 103 104
Rest-Frame Time (s)
1047
1048
1049
1050
1051
1052
1053
Lu
m
in
os
ity
 (e
rg
.s
1 )
trf = 16s GeV Best Fit, t 1.2
Fermi-LAT 0.1-100 GeV
Figure 3. The rest-frame 0.1–100 GeV luminosity light-
curve of GRB 130427A obtained from Fermi-LAT, respec-
tively. The green line shows the best fit for power-law behav-
ior of the luminosity with slope of 1.2± 0.04 and amplitude
of 5.125× 1052 erg s−1.
Based on our recent work about the hard and soft
X-ray flares (Ruffini et al. 2018c), the flare in the MeV
band around trf =100 s observed in Fig. 2 (b) clearly oc-
curs in the accreting hypernova ejecta that is well out-
side the conical GeV emission region. This feature is
therefore not associated with the GeV emission mecha-
nism treated in this article and since it occurs outside
the cone of the GeV emission, these GeV and MeV ra-
diations are not interacting.
In view of the pile-up effect of GBM data indicated in
Fig. 2 (a) and the absence of accurate data at trf < 16 s
we will not approach the study of the overcritical field in
GRB 130427A in this article. We address instead the
observation after trf = 16 s, see Fig.2, where the con-
dition of transparency of the GeV radiation is reached.
We determine the self-consistent set of parameters which
allow the transparency condition to be implemented and
the mass and the spin of the BH will be in this context
uniquely determined; see section 5.2.
3. DETERMINATION OF THE MASS AND SPIN
OF THE BH
In this section we identify the rotational energy of a
Kerr BH as the energy source powering the GeV emis-
sion at t > trf = 16 s: consequently, the mass and spin
of the BH have to be determined.
The luminosity of Fermi-LAT (0.1–100 GeV) together
with a power law best fit to the GeV luminosity of this
GRB after t > trf = 16 s are shown in Fig. 3.
After t > trf = 16 s, EGeV = (1.2 ± 0.01) × 1053 erg,
and the GeV luminosity is best fitted by
L = A
(
t
1s
)−η
erg s−1, (3)
6with slope of η = 1.2 ± 0.04 and amplitude of A =
(5.125± 0.2)× 1052, data and energy are retrieved from
second Fermi-LAT catalog (Ajello et al. 2019).
We now verify that the energetics of the GeV radiation
can be explained by the extractable rotational energy of
the Kerr BH, i.e.,
EGeV = Eextr = (1.2± 0.01)× 1053 erg. (4)
From the mass-energy formula of the Kerr BH (Christodoulou
1970; Christodoulou & Ruffini 1971; Hawking 1971; see
also ch.33 in Misner et al. 1973) we have
M2 =
c2J2
4G2M2irr
+M2irr, (5.1)
S = 16piG2M2irr/c
4, (5.2)
where J , M , Mirr and S are the angular momentum,
mass, irreducible mass and horizon surface area of the
Kerr BH, from which we obtain consequently the ex-
tractable energy:
Eextr = Mc
2 −Mirrc2 =
1−
√
1 +
√
1− α2
2
Mc2,
(6)
where α = c a/(GM) = cJ/(GM2) is the dimension-
less angular momentum parameter, being a = J/M the
angular momentum per unit mass.
Since we have two unknowns, M and α, and only one
equation for one observable, Eq. (4), we need to provide
a closure equation to the system to determining the two
BH parameters.
In section 5, we show how the transparency condition
and the demand of the synchrotron radiation timescale
to be equal to the timescale of the first impulsive event,
inferred from the theory of “inner engine”, gives the
additional constraint to determine the mass and spin of
the Kerr BH in this GRB.
4. ON THE ELECTRODYNAMICS OF THE
“INNER ENGINE”
We turn now to the electrodynamical mechanism
which extracts the rotational energy in the inner en-
gine.
We focus on a Wald solution within a cone of open-
ing angle pi/3 about the magnetic field direction, see
Fig. 4. We consider in Fig. 4 the case of magnetic field
parallel,Fig. 4 (a) (antiparallel, Fig. 4 (b)) to the Kerr
BH rotation axis, in which the electrons (protons) are
accelerated away in the polar direction.
In this article we shall address the case of magnetic
field “parallel” to the Kerr BH rotation axis, in which
the electrons are accelerated away in the polar direction,
see left figure in Fig. 4 (a).
We address only the leading in the angular and radial
dependence of the field in the equation of motion. The
electromagnetic field of the inner engine, in the first-
order, slow rotation approximation and at second-order,
small angle approximation, reads:
Erˆ ≈ aB0
r
[(
1 +
GM
c2r
)
θ2 − 2GM
c2r
]
, (7)
Eθˆ ≈
aB0
r
(
1− 2GM
c2r
)1/2
θ, (8)
Brˆ ≈ B0
(
1− θ
2
2
)
, (9)
Bθˆ ≈ −B0
(
1− 2GM
c2r
)1/2
θ. (10)
Up to linear order in θ, the radial component of the
electric field can be approximated by the expression
Er ≈ −1
2
αB0 c
r2+
r2
. (11)
At the BH horizon, r+ = (1 +
√
1− α2)GM/c2, the
above electromagnetic field becomes
Erˆ ≈ −1
2
αB0 c
(
1− 3
2
θ2
)
, (12)
Eθˆ ≈ 0, (13)
Brˆ ≈ B0
(
1− θ
2
2
)
, (14)
Bθˆ ≈ 0, (15)
It can be seen from the full numerical solution keeping
all orders in the angular momentum, shown in Fig. 4,
that this approximation is valid up to θ± = pi/3 and for
arbitrary value of α and within such limits our small an-
gle approximation gives accurate qualitative and quan-
titative results.
We show how in the presence of a fully ionized low-
density plasma, the GRB inner engine accelerates elec-
trons up to ultrarelativistic energies in the above men-
tioned cavity. We assume that the emission process oc-
curs near the BH and within magnetic field lines con-
stant in time and uniform in space. The equations of
motion for the electrons injected for selected angles θ
are given below and specific examples in the section 5.
When emitted in the polar direction θ = 0, the inner
engine can give rise to UHECRs. For θ 6= 0 we integrate
the equations of motion and evaluate the synchrotron
emission keeping the leading terms.
7[a] [b]
Figure 4. The electromagnetic field lines of the Wald solution. The blue lines show the magnetic field lines and the violet
show the electric field lines. a: Magnetic field is “parallel” to the spin of the Kerr BH, so parallel to the rotation axis. On the
polar axis up to θ ∼ pi/3 electric field lines are inwardly directed, therefore electrons are accelerated away from the BH. For
θ > pi/3 electric field lines are outwardly directed and consequently protons are accelerated away from the BH. b: Magnetic
field is “antiparallel” to the Kerr BH rotation axis. On the polar axis up to θ ∼ pi/3 electric field lines are outwardly directed,
therefore protons will be accelerated away from the BH. For θ > pi/3 electric field lines are inwardly directed and consequently
electrons will be accelerated away from the BH.
5. SYNCHROTRON EMISSION AND THE FIRST
ELEMENTARY IMPULSIVE EVENT
The relativistic expression for the Lorentz force is
dpµ
dτ
=
e
c
Fµνuν , p
µ = muµ, uµ =
dxµ
dτ
, (16)
where τ is the proper time, pµ is the four-momentum,
uµ is the four-velocity, xµ are the coordinates, Fµν is
the electromagnetic field tensor, m is the particle mass,
e is the elementary charge and c is the speed of light.
This expression can be rewritten in the laboratory frame
using vector notation as
mc
d (γv)
dt
= e (E+ v ×B) . (17)
Assuming the one-dimensional motion along the radial
directions, the dynamics of the electrons in the electro-
magnetic field (12)-(15), for γ  1, is determined by the
equation (see, e.g., de Jager et al. 1996)
mec
2 dγ
dt
= e
1
2
αB0 c
2 − 2
3
e4
B20 sin
2 〈θ〉
m2ec
3
γ2c2, (18)
where γ is the electron Lorentz factor, 〈θ〉 is the injec-
tion angle between the direction of electron motion and
the magnetic field and me is the electron mass. This
equation is here integrated for electrons assumed to be
injected near the horizon, for selected value of the injec-
tion angle 〈θ〉, with an initial Lorentz factor of γ = 1 at
t = 0.
Equation (18) is valid for every injection angle θ. The
angle dependence in the electric field in Eq. (18) is ne-
glected since the second term of the right-hand side
of Eq. (18), namely the synchrotron radiation term, is
largely dominant for the parameters of interest in this
work.
8Assuming all parameters are constant, the approxi-
mate solution in the limit γ  1 is
γ =
γmax tanh
[
2
3
e2
~c
(
B0 sin 〈θ〉
Bc
)2
γmax
t
~/mec2
]
, (19)
which has the following asymptotic value:
γ =
{
1
2
B0
Bc
α t~/mec2 , t tc,
γmax, t tc,
(20)
where
γmax =
1
2
(
3
e2
~c
α
Bc
B0 sin
2 〈θ〉
)1/2
, (21)
and the critical time is
tc =
~
mec2
3
sin 〈θ〉
[
e2
~c
(
B0
Bc
)3
α
]−1/2
. (22)
The maximum peak photon energy of the synchrotron
spectrum is obtained by using the maximum Lorentz
factor of the radiating electrons which is given by the
equilibrium between energy gain and energy loss in
Eq. (18). Consequently, the following maximum energy
of the electron-synchrotron photons is found:
max,γ =
3e~
2mec
B0 sin 〈θ〉 γ2max =
9
8
mec
2
e2/~c
α
sin 〈θ〉
≈ 80
sin 〈θ〉αMeV. (23)
The maximum energy is independent of the magnetic
field strength, which for different angles leads to different
energy bands for the photons; see section 7. From this
upper limit some inferences on the TeV emission are in
preparation, awaiting the publication of the TeV data.
Here we return to the GeV emission and to its energy
originating from the BH rotational energy.
A vast literature exists on the propagation of ultra
high energy protons/electrons in a magnetic field with
θ = pi/2 (see e.g., Erber 1966, and references therein).
Very little has been published for computations for small
injection angles, θ ≈ 0 (an important exception being
Harding 1991) which we are also here addressing.
The maximum electric potential difference associated
with the electric field is obtained by bringing an elec-
tron from the BH horizon to infinity along the symme-
try/rotation (θ = 0) axis:
∆φ=
e
e
=
∫ ∞
r+
Edr = Er+r+
= 9.7× 1020 · αβµ(1 +
√
1− α2) eV
e
, (24)
where we have introduced β ≡ B0/Bc and µ ≡ M/M,
and Er+ is the electric field evaluated at the horizon (see
Eq. 12)
Er+ = −
1
2
αB0c. (25)
This potential can accelerate electrons along the sym-
metry axis up to a maximum Lorentz factor and energy
given by:
e,max = e∆φ = γmec
2. (26)
For θ = 0 there is no energy loss due to synchrotron
radiation, hence the total electrostatic energy goes into
electron acceleration. The time of acceleration for θ = 0
can be obtained from Eq. (18) when the synchrotron loss
term in the right-hand side is zero, i.e.
mec
2 dγ
dt
= e
1
2
αB0 c
2 = eEr+c, (27)
therefore,
t(θ = 0) =
mec
2γ
eEr+c
=
Er+r+
Er+c
=
r+
c
, (28)
where we have used Eqs. (24) and (26).
5.1. Timescale of the first impulsive event
The electrostatic energy available is
E = 1
2
E2r+r
3
+ = 7.5× 1041 · α2β2µ3(1 +
√
1− α2)3 erg,
(29)
where we have used Eq. (25).
Therefore, the timescale of the first impulsive event
obtained from the GeV luminosity at trf = 16 s, denoted
as E1 ≡ Etrf=16s, is
τ1 =
Etrf=16s
LGeV(trf = 16s)
(30)
which reads:
τ1 = 4.08× 10−10α2β2µ3(1 +
√
1− α2)3 s, (31)
where we have used Eq. (3).
We turn now to a crucial relation between α and β.
5.2. Transparency of GeV photons
The hypercritical accretion onto the NS and its sub-
sequent collapse forming the BH, deplete the BdHN by
≈ 1057 baryons, creating a cavity of ≈ 1011 cm of radius
in the hypernova ejecta around the BH site (see Becerra
et al. 2016, 2019). The density inside the cavity at BH
formation is about 10−6 g cm−3 (Becerra et al. 2016,
2019) and it is further decreased to about 10−13 g cm−3
by the GRB explosion (Ruffini et al. 2019a). The low
density of this cavity guarantees a condition of low
9baryon density necessary for the transparency and so
for the observation of the MeV emission in the UPE, as
well as the higher energy band emission discussed in the
present work (see Ruffini et al. 2019a,b, for details).
But this condition for transparency, necessary, is not
sufficient. There is a most stringent condition imposed
by the interaction of the synchrotron photons with the
field B0. Synchrotron photons of energy γ may produce
e+e− pairs in external magnetic field. The inverse of the
attenuation coefficient (Daugherty & Harding 1983)
R¯ ∼ 0.23 e
2
~c
(
~
mec2
)−1
β sin 〈θ〉 exp
(
− 4/3γ
2mec2
β sin 〈θ〉
)
.
(32)
Imposing the following transparency condition for
0.1 GeV photons, R¯−1 ≥ 1016 cm, we obtain:
β ≤ 3.67× 10−4α−1, (33)
where we have replaced Eq. (23) in (32) to express the
dependence of R¯ on the pitch angle in terms of the peak
photon energy and the spin parameter; see Fig. 6.
We shall use this equation in next section in order to
obtain mass and spin of BH in GRB 130427A.
6. MASS AND SPIN OF BH
Since there are three unknown parameters, namely M ,
α and β, and only two equations, namely Eq. (4) via
Eq. (6), and Eq. (33), an additional equation is needed
to determine the three parameters of the inner engine.
For this purpose we request the additional constraint
that the timescale of the synchrotron radiation, obtained
from Eq. (22), be equal to the radiation timescale ob-
tained from Eq. (30), at the time trf = 16 s, i.e. the fol-
lowing three equations must be solved simultaneously:
EGeV =Eextr(µ, α) (34)
β= 3.67× 10−4α−1 (35)
tc(〈θ〉 , α, β) = τ1(µ, α, β, LGeV). (36)
We can solve this system of equations as follows. First,
from Eq. (34) we can isolate µ as a function of EGeV
and α:
µ =
1−
√
1 +
√
1− α2
2
−1 EGeV
Mc2
. (37)
Then, by replacing Eq. (37) into Eq. (36), we obtain an
expression for β as a function of the observables EGeV
and LGeV, and α:
β=β(γ , EGeV, LGeV, α)
=
1
α
(
64
9
√
3
e2
~c
γ
B2c r+(µ, α)
3
LGeV
eBc c2
)2/7
, (38)
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Figure 5. Upper panel: self-consistent family of solu-
tions of the magnetic field B0 as a function of the BH
spin parameter α (blue curve), Eq. (38), for given values
of EGeV = 1.2 × 1053 erg, LGeV = 1.84 × 1051 erg s−1 and
γ = 0.1 GeV. Inside the gray shaded region 0.1 GeV photons
have R¯−1 < 1016 cm, while in the white one they fulfill the
condition of transparency R¯−1 ≥ 1016 cm, namely Eq. (33).
The crossing between the blue curve and the border of the
gray region gives us the upper limit of the magnetic field
B0 ≈ 3.5 × 1010 G and the spin parameter α = 0.47, to
have transparency of the GeV photons. Lower panel: self-
consistent solution of the BH mass as a function of the BH
spin parameter α (red curve). To the maximum spin param-
eter for transparency it corresponds a lower limit to the BH
mass, M = 2.3M.
where we have replaced Eq. (23) into Eq. (22) to express
tc as a function of the peak photon energy γ instead of
the pitch angle, and r+ is the BH horizon which is a
function of µ and α but, via Eq. (37), becomes a function
of EGeV and α.
Therefore, given the energy EGeV (integrated for times
trf ≥ 16 s) and luminosity LGeV (at trf = 16 s), Eq. (38)
gives the self-consistent family of solutions of the mag-
netic field β as a function of the BH spin parameter α.
In Fig. 5 (blue curve in the upper panel) we show such a
family of self-consistent solutions in the case of EGeV =
1.2 × 1053 erg (see Eq. 4), LGeV = 1.84 × 1051 erg s−1
given by Eq. (3) and photon energy γ = 0.1 GeV.
From Eq. (33) we know β as a function of α for which
the condition of transparency is satisfied. Therefore,
10
by equating Eqs. (38) and (33) we obtain, as can be
seen from Fig. 5, a maximum spin parameter α to fulfill
the transparency condition for 0.1 GeV photons. Corre-
spondingly, there is the maximum magnetic field value
which can be obtained by substituting the upper value
of α either into Eq. (38) or (33). Then, the maxi-
mum α is used in Eq. (37) to obtain the corresponding
lower limit for the BH mass. For the above numbers,
the upper magnetic field value to have transparency is
β = 7.8 × 10−4, i.e. B0 ≈ 3.5 × 1010 G. The maxi-
mum spin and a minimum BH mass are, respectively,
α ≈ 0.47 and M = 2.3 M. For the above spin value,
we obtain from Eq. (23) the pitch angle to emit 0.1 GeV
photons, θ ≈ pi/8. The corresponding BH irreducible
mass is Mirr = 2.2 M which is close to critical mass
of the NS for some specific nuclear equation of state, in
particular to the TM1 one (see Cipolletta et al. 2017).
These parameters will be used in next subsection as the
initial values of mass and spin parameters to find the
spin-down of the BH.
The inverse of the attenuation coefficient from
Eq. (32) computed for β = 7.84 × 10−4 and different
〈θ〉 is presented in Fig. 6. The peak of the synchrotron
spectrum, Eq. (23), shown by the gray line in Fig. 6, is
located in the transparent region. We can see from the
figure that synchrotron photons, when produced in the
0.1 GeV to 1 TeV energy band, do not produce pairs if
magnetic field is below B0 < 3.5 × 1010 G. Therefore,
this region is transparent for such photons.
100 1000 104 105 106 107 108
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1
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108
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1020
ϵγ, MeV
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Figure 6. Inverse of the attenuation coefficient for pair
production in magnetic field, Eq. (32) computed for β =
B0/Bc = 7.84× 10−4 and selected 〈θ〉 of pi/8 (green), 10−2
(blue) and 10−4 (red). The peak of the synchrotron spec-
trum, given by Eq. (23) and shown by the gray line, is in the
transparent region.
6.1. The decrease of the mass and spin of the BH as a
function of the extracted rotational energy
From the luminosity expressed in the rest-frame of the
sources, and from the initial values of the spin and of the
mass of the BH we can now derive the slowing down of
the BH due to the energy loss in the GeV emission. The
time derivative of Eq. (6) gives the luminosity
L = −dEextr
dt
= −dM
dt
, (39)
Since Mirr is constant for each BH during the energy
emission process, and using our relation for luminosity
from Eq. (3), we obtain the relation of the loss of mass-
energy of the BH by integrating Eq. (39):
M = M0 + 5At
−0.2 − 5At−0.20 , (40)
where M0 is the initial BH mass at, t0 = 16 s and A =
(5.125 ± 0.2) × 1052. From the mass-energy formula of
the BH we have
J = 2Mirr
√
M2 −M2irr, (41)
therefore
a =
J
M
= 2Mirr
√
1− M
2
irr
(M0 + 5At−0.2 − 5At−0.20 )2
.
(42)
The values of mass and spin parameters at t0 = trf =
16 s; see Fig. 3 are M0 = 2.3M and α = 0.47 and the
irreducible mass is Mirr = 2.24 M. The behaviour of
α = J/M2 and M with time are shown in Fig. 7. Both
α and M decrease with time which shows the decrease
of rotational energy of the BH due to the energy loss in
GeV radiation; see Fig. 7. It is important to recall that,
since we are here inferring the BH energy budget using
only the GeV emission data after the UPE phase, the
above BH mass and spin have to be considered as lower
limits.
7. SYNCHROTRON RADIATION POWER AND
THE NEED OF A LOW DENSITY IONIZES
PLASMA
Having obtained the values of spin, α = 0.47, mass
M = 2.3M and magnetic field, B0/Bc = 7.8 × 10−4,
we integrate the equation of motion given by Eq. (18)
to obtain the radiation in the GeV and TeV bands cor-
responding to selected values of θ.
As an example we show the results for the elec-
tron propagation and radiation for selected angles, i.e.,
θ = pi/8, θ = 1× 10−2, θ = 1× 10−4 with respect to the
direction of the magnetic field. According to Eq. (23),
these angles are related to ∼ 0.1 GeV, ∼ 4 GeV and
∼ 0.4 TeV energy of photons, respectively, which covers
the lower limit of Fermi-LAT instrument till the lower
limit of MAGIC telescope, see Fig. 8 (a). The numer-
ical solution of Eq. (18) along with analytic solutions
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Figure 7. a and b: The decrease of the BH spin and Mass, as a function of rest-frame time for GRB 130427A. The values of
spin and mass at the moment which prompt is finished which has been assumed to occur at the rest-frame time of trf = 16 s,
are: α = 0.47 and M(α) = 2.3M.
are represented in Fig. 8a. The electron synchrotron
luminosity from the right-hand side of Eq. (18) is
E˙sync =
2
3
e4
B20 sin
2 〈θ〉
m2ec
3
γ2. (43)
In Fig. 8c we present the total power of the syn-
chrotron emission by a single electron as a function of
time, for selected injected angles θ. The power increases
with time and then at t > tc approaches a constant
value, which does not depend on the angle
E˙sync,γmax =
1
2
(mec
2)2
~
B0
Bc
α = 1.16× 1011 erg s−1.
(44)
In Fig. 8d we show the peak energy of the synchrotron
photons, given by Eq. (23), as a function of the electron
injection angle and the magnetic field.
The total energy emitted by an electron in synchrotron
radiation, computed by integrating the synchrotron
power with time, gives
Esync = 118 e
2
~c
(
B0
Bc
)4
α2
(
t
~/mec2
)3
sin2 〈θ〉mec2, t < tc,
1
2α
B0
Bc
t
~/mec2mec
2, t > tc,
(45)
where from Eq. (22) the critical time for α = 0.470,
B0/Bc = 7.8× 10−4 is
tc ' 5.9× 10
−15
sin 〈θ〉 s. (46)
The synchrotron time scale, obtained from Eq. (46),
has values between 1.6×10−14 s to 2×10−5 s, see Fig. 8
(a). According to Eq. (45) the total energy available
for the synchrotron radiation of one electron is a func-
tion of synchrotron time scale, see Fig. 8 (b). Each
timescale corresponds to the time which takes for one
electron to radiate by synchrotron mechanism its accel-
eration energy e = γmaxmec
2, where γmax is given by
Eq. (21). For θ = pi/8 which is related to the lower
limit of Fermi-LAT energy bandwidth, namely 0.1 GeV,
tc = 1.6 × 10−14 s corresponds to e = 1.02 × 109 eV.
Therefore,
tc,GeV = 1.6× 10−14 s. (47)
For the available electromagnetic energy budget the
system can accelerate a total number of electrons with
the above energy:
Ne = E1/e ≈ 6.6× 1039. (48)
where E1 ≈ 1037 erg is the electrostatic energy available,
the blackholic quantum (Rueda & Ruffini 2019), for the
first impulsive event obtained from Eq. (29).
In principle as the timescale increases the total avail-
able electron will decrease, we will return to this subject
in section 8 when we study the evolution of the time of
sequence of elementary impulses.
Using Eq. (23) the maximum energy e ∼ 1.6×1018 eV
is reached at the critical angle 〈θ〉 ≈ 2.2× 10−11. This
gives an absolute lower limit on the 〈θ〉 value for emitting
synchrotron radiation. For 〈θ〉 smaller than this critical
angle only UHECRs are emitted. See Fig. 8a and Fig. 9.
The timescale of the process is in general set by the
density of particles around the BH, which is provided by
the structure of the cavity and SN ejecta, see section 5.
We have already shown that during each such elemen-
tary process the BH experiences a very small fractional
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Figure 8. a: The electron Lorentz gamma factor obtained from solutions of Eq. (18) as functions of time: numerical (black),
and analytic for selected angles: θ = pi/8 (green), θ = 1× 10−2 (blue), θ = 1× 10−4 (red) which according to Eq. (23), they are
related to ∼ 0.1 GeV, ∼ 4 GeV and ∼ 0.4 TeV energy of synchrotron photons, respectively. Parameters assumed: a/M = 0.47,
B0/Bc = 7.8× 10−4. The arrow indicates the time when the energy emitted in synchrotron radiation equals max,γ = 1018 eV,
which is t = r+/c ∼ 2×10−5 s. b: Total energy emitted in synchrotron radiation from Eq. (45) as a function of time for selected
angles given in Fig. 8(a). c: Power of synchrotron emission by a single electron as a function of time for selected angles given
in Fig. 8(a). d: Peak energy of synchrotron photons as a function of the angle between the electron velocity and the magnetic
field.
change of angular momentum
|∆J |/J ≈ (|J˙ |/J)τob ≈ 10−16,
|∆M |/M ≈ (|M˙ |/M)τob ≈ 10−16. (49)
The electromagnetic energy of the first impulsive
event given above is a small fraction of total extractable
rotational energy of the Kerr BH, see Eq. (4):
E1
Eext
≈ 10−16. (50)
This clearly indicates that the rotational energy extrac-
tion from Kerr BH:
1) Occurs in “discrete quantized steps”.
2) Temporally separated by 10−14–10−10 s.
3) The luminosity of the GeV emission in GRB
130427A is not describable by a continuous function as
traditionally assumed: it occurs in a “discrete sequence
of elementary quantized events” (Rueda & Ruffini 2019).
There are two main conclusions which can be inferred
from the theory of synchrotron radiation implemented
in this section:
1. Synchrotron radiation is not emitted isotropically
and is angle dependent, the smaller the angle the higher
the synchrotron photon energy, see Eq. (23) and Fig. 9.
2. The energy emitted in synchrotron radiation before
reaching its asymptotic value is a function of injection
angle θ, see first line of Eq. (45) and Fig. 8b.
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Figure 9. (Not to scale) a: Having the values of spin and magnetic field, a/M = 0.47, B0/Bc = 7.8 × 10−4, from Eq. (23)
for selected injection angles we obtain the radiation in the different bands, 0.1 GeV to 0.4 TeV. Using Eq. (23) the maximum
energy e ∼ 1.6 × 1018 eV is reached at the critical angle 〈θ〉 = 2.2 × 10−11. This angle is an absolute lower limit for emitting
synchrotron radiation, therefore for 〈θ〉 < 2.9 × 10−11, electrons are accelerated to give rise to UHECRs. In this figure the
magnetic field is “parallel” to the Kerr BH rotation axis and electrons are accelerated outward and protons captured by the
horizon. b: Synchrotron emission from electrons with pitch angle θ. Radiation is concentrated in a cone of angle of 1/γ.
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In order to compare and contrast the results based on
this essential theoretical treatment with observation we
need to determine 1) the number of electrons for each se-
lected injection angle θ and 2) to verify that the radiated
synchrotron energy is compatible with the electrostatic
energy for each electron. 3) Taking to due account the
role of the beaming angle which we have here derived,
see Fig. 9 and extending the number of parameters by
allowing the anisotropic distribution of electrons.
8. THE REPETITION TIME OF SEQUENCE OF
THE DISCRETE “ELEMENTARY IMPULSIVE
EVENTS”
We now finally study the sequence of iterative impul-
sive events in which the system starts over, with a new
value of the electric field set by the new values of the
BH angular momentum and mass, J = J0 − ∆J and
M = M0 −∆M , keeping the magnetic field value con-
stant B0.
We infer from the luminosity the evolution of the
timescale τ(t) of the repetition time of the impulsive
events by requiring it to explain the GeV emission, i.e.:
LGeV =
E
τ(t)
, (51)
where E is the electrostatic energy available for each
impulsive event. Therefore we obtain for the timescale
τ(t) =
1
2
E2r+r
3
+
LGeV
, (52)
where Er+ is the electric field evaluated at the horizon,
determined from the new values of J and M for each ele-
mentary impulsive event consisted with Eq. (49). Fig. 10
a shows that τob is a increasing power-law function of
time
τob ∝ α
2
LGeV
∝ t. (53)
We identify the timescale τob with the repetition time
of each impulsive event. The efficiency of the system
diminishes with time, as shown by the increasing value
of τob (see Fig. 10a). This can be understood by the
evolution of the density of particles near the BH which
decreases in time owing to the expansion of the SN rem-
nant, making the iterative process become less efficient.
As we have mentioned in the immediate vicinity of the
BH a cavity is created of approximate radius 1011 cm
and with very low density on the order of 10−14 g cm−3
(Ruffini et al. 2019a). This implies an approximate num-
ber of ∼ 1047 electrons inside the cavity. Then, the
electrons of the cavity can power the iterative process
only for a short time of 1–100 s. We notice that at
the beginning of the gamma-ray emission the required
number of electrons per unit time for the explanation
of the prompt and the GeV emission can be as large
as 1046–1054 s−1. This confirms that this iterative pro-
cess has to be sustained by the electrons of the remnant,
at r & 1011 cm, which are brought from there into the
region of low density and then into the BH.
The synchrotron time scale, obtained from Eq. (46),
has values between 1.6×10−14 s to 2×10−5 s, see Fig. 8
(a). According to Eq. (45) and Fig. 8 (b), the total en-
ergy available for the synchrotron radiation of one elec-
tron is a function of synchrotron time scale.
Therefore, when tc = 1.6 × 10−14 s the total energy
available for each electron is e = 1.02 × 109 eV which
leads to the total number of electrons from Eq. (48),
Ne = E1/e ≈ 6.6 × 1039. When tc = 2 × 10−5 s,
the total energy available for each electron is e,max =
1.65 × 1018 eV and the total number of electrons is
Ne = E/e,f ≈ 4 × 1030 which can be seen in Fig. 10
(b).
It is worth to mention that the TeV synchrotron
photons in this picture will start to be produced at
tc ∼ 10−11 s see Fig. 8 (a), therefore, according to
Eq. (53) the onset of TeV photons for GRB 130427A
should be around 105 s; see Fig. 10. This is clearly a
zeroth-order approximation since considering the effect
of angle-dependent distribution of electrons, this time
could be shorter (J. A. Rueda, et al. 2019, in prepara-
tion). In any case, the feedback from the observations
is needed in order to improve the model.
9. CONCLUSIONS
In this paper we confirm that the high energy GeV
radiation observed by Fermi LAT originate from the ro-
tational energy of a Kerr BH of mass M = 2.3M and
spin parameter of α = 0.47 immersed in an homoge-
neous magnetic field of B0 ∼ 3.48× 1010 G, and an ion-
ized plasma of very low density 10−14 g cm−3 (Ruffini
et al. 2019a). The radiation occurs following the for-
mation of the BH, via synchrotron radiation emitted by
ultra-relativistic electrons accelerating and radiating in
a sequence of elementary impulses.
In the traditional approach see e.g. (Zhang 2018)
there is a blast wave originating in the prompt radiation
phase and propagating in a ultra relativistic jet into the
ISM medium emitting synchrotron radiation following
the approach of Sari et al. (1999). There the kinetic en-
ergy of the blast wave is used as the energy source. This
process of emission occurs at large distances typically of
1015 cm to 1016 cm and it is traditionally used to ex-
plain the GeV emission observed by Fermi LAT as well
as the X-ray afterglow emission observed by SWIFT and
the radio emission observed by radio interferometers like
Westerbork Synthesis Radio Telescope (WSRT).
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Figure 10. a: The value of τob(t) = E
2
r+r
3
+/(2LGeV) calculated from the GeV luminosity data obtained from Fermi-LAT
together with the values of the electric field and the horizon radius, Er+ and r+, obtained in each impulsive event. This
timescale increases linearly with the time t (in seconds) as τob ≈ 3× 10−16 t1. b: Number of electrons available in each impulse
to fulfill the observed properties of the inner engine of GRB 130427A.
In our approach the model is only a function of three
parameters: the mass M and spin α of the Kerr BH and
the background magnetic test field which have been self
consistently derived in this article. They fulfill all the
energetic and transparency requirements. The acceler-
ation and synchrotron radiation process occurs within
105 cm from the horizon. The photon energy emitted
by the synchrotron radiation process is a very strong
function of the injection angle of the ultra relativistic
electrons with respect to the polar axis. The outcome is
an emission over a large angle, up to θ = pi/3: GeV at
angle θ = pi/8 and TeV at θ = 10−4 all the way up to
UHECR at angle θ < 10−11. The particles accelerated
by the electromagnetic field gyrate into the magnetic
field B0. The highly anisotropic distribution in the en-
ergy and in the spectra is a specific consequence of the
current model.
A byproduct of our model has been to evidence for the
first time that the high energy emission of GRB 130427A
is not emitted continuously but in a repetitive sequence
of discrete and quantized “elementary impulsive events”
each of energy 1037 erg and with a repetition time of ∼
10−14 s and slowly increasing with time. This implies a
very long time of extraction of the BH rotational energy
via this electromagnetic process each utilizing a fraction
of ∼ 10−16 of the mass-rotational energy of the BH.
This result was truly unexpected and it appears to be
a general property both of GRBs and of much more
massive Kerr BHs in Active Galactic Nuclei (AGN). The
results obtained in this paper are leading to the concept
of a “Blackholic Quantum” affecting our fundamental
knowledge of physics and astrophysics (Rueda & Ruffini
2019).
It is appropriate here to recall that within BdHN
model the GeV and TeV emission observed by Fermi-
LAT and MAGIC detectors, originating from the Kerr
BH, have a separate origin from the X-ray and radio ob-
servation of the afterglow. As recently demonstrated
in five BdHN, GRB 130427A GRB 160509A GRB
160625B, GRB 180728A and GRB 190114C (Rueda
et al. 2019), the afterglow emission occurs due to the
accretion process of the hypernova ejecta on the νNS
spinning with a few millisecond period and the associ-
ated synchrotron emission.
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